We explored the degree to which the duration of acoustic cues contributes to the respective involvement of the two hemispheres in the perception of speech. To this end, we recorded the reaction time needed to identify monaurally presented natural French plosives with varying VOT values. The results show that a right-ear advantage is significant only when the phonetic boundary is close to the release burst, i.e., when the identification of the two successive acoustical events (the onset of voicing and the release from closure) needed to perceive a phoneme as voiced or voiceless requires rapid information processing. These results are consistent with the recent hypothesis that the left hemisphere is superior in the processing of rapidly changing acoustical information.
INTRODUCTION
Voice onset time (VOT), defined as the time between the release burst and laryngeal pulsing (Abramson & Lisker, 1970) , is probably the most intensively studied of phonetic features, reflecting its important role in the perception and discrimination of various consonantal sounds in the majority of the world's languages. While there are considerable differences in its production and perception across different languages, one aspect of VOT perception appears universal: the perception of a difference in VOT between two speech stimuli generally occurs only when the stimuli belong to different phonetic categories. For example, the phonetic boundary for the French voiced-voiceless contrast is located at shorter time lags, close to zero. Listeners cannot discriminate between bilabial stop consonants with VOT val-154 LAGUITTON ET AL. ues of Ϫ100-or Ϫ20-ms, perceiving both stimuli as /ba/. Stimuli with ϩ20-and ϩ40-ms VOT are both identified as /pa/ and subjects fail to discriminate between the ϩ20-and ϩ40-ms stimuli. They discriminate between and assign different labels to stimuli with VOT values of Ϫ10 and ϩ10 msec. These stimuli are from different phonetic categories (/b/ versus /p/). Listeners can only discriminate between those sounds on the VOT continuum to which they can assign unique labels. For this reason, the perception of a difference in VOT is said to be categorical (Liberman, Cooper, Shankweiler, & Studdert-Kennedy, 1967) .
Given that VOT is an important cue in speech perception and that speech is thought to be primarily under the control of the left hemisphere, it has been assumed that the perception of the VOT is similarly under the control of left-hemisphere mechanisms (Liberman, Delattre, & Cooper, 1952; StuddertKennedy, 1976; Pastore, Ahroon, Baffuto, Friedman, Puleo, & Fink, 1977; Stevens, 1981; Miller, 1977; Kuhl & Padden, 1983; Lane, 1965 , Fujisaki & Kawashima, 1971 Ades, 1977; Macmillan, 1987) . Several studies with brain-damaged patients, however, have reported right-hemisphere-related effects of VOT (Blumstein, Baker, & Goodglass, 1977; Miceli, Caltagirone, Gainotti, & Payer-Rigo, 1978; Oscar-Berman, Zurif, & Blumstein, 1975) , whereas others seem to indicate either a slight left-hemisphere advantage or an ability of both hemispheres to discriminate VOT categorically (Basso, Casati, & Vignolo, 1977; Blumstein & Cooper, 1977) . Similarly, electrophysiological data suggest that the perception of the VOT is controlled by several cortical processes-some of which are restricted to the right hemisphere and others of which are common to both hemispheres (Molfese, 1978) .
Recent studies, conducted with normal adults and with language-impaired children, suggested that it may be the rate of change of acoustic cues rather than the linguistic nature of speech stimuli per se that underlies the lefthemisphere superiority for speech processing: the left hemisphere is superior in the processing of rapidly changing acoustical information (Schwartz & Tallal, 1980; Tallal & Piercy, 1973 Tallal, Stark, & Mellits, 1985) . It might be that the variability in the results concerning the lateralization of VOT is related to the variability in the duration of the VOT in the different studies. Indeed, for a phoneme to be correctly perceived as voiced or voiceless, the time at which one event occurs (i.e., the onset of voicing) must be judged with respect to the temporal attributes of other events (i.e., the release from closure). These events are ordered in time.
The aim of this study was to explore the degree to which the duration of VOT contributes to the respective implication of the two hemispheres. To this end, we measured reaction times (RTs) in a task involving the identification of monaurally presented natural speech sounds with varying VOT durations. In a previous study (Laguitton, Cazals, & Liégeois-Chauvel, 1998), we created three natural speech continua (/ba/-/pa/, /da/-/ta/, and /ga/- /ka/) in which VOT varied from negative to positive values with help of a speech-analysis software that allowed precise manipulation of the VOT of naturally produced French plosive-consonants. We were, thus, able to obtain precise values of the phonetic category boundaries of stop consonants. The stimuli used in the present study were selected from these continua.
METHODS

Stimuli
Original stimuli consisted of three natural-speech voiced stop-consonant/vowel syllables pronounced by a French speaker in a sound-attenuated room and recorded with a Beyer M69 TG microphone at 44.1 Hz. To create the continua, we used a speech-analysis software (''Oedipe'') which allowed for the precise control of the VOT of natural-speech plosiveconsonants. The duration of voicing was shortened by progressive steps of 5 ms by removing the low frequencies (under 500 Hz) (see Fig. 1 ). In this way, voicing could also be removed after the explosion, keeping intact the higher frequencies.
The resulting three continua (/ba/ -/pa/, /da/-/ta/, and /ga/ -/ka/) had VOT values varying from negative to positive. For each continuum, 11 VOT values were selected: the lowest negative value (i.e., the initial voiced stop-consonant), 9 other values near the release burst (Ϫ25, Ϫ20, Ϫ15, Ϫ10, Ϫ5, 0, ϩ10, ϩ15, and ϩ20 ms), and the highest positive VOT value (i.e., a voiceless stop-consonant).
Speech syllables were presented monaurally, using a Sennheiser HD250 headset. Each speech stimulus was preceded (during 1 s) and was followed (during 520 ms) by a white noise delivered at the intensity of 30 dB.
1 Through the contralateral channel, the white noise was delivered at the same intensity, simultaneously and continuously (during 1900 ms). This contralateral noise was intended to mask combination tones (Plomp, 1976 
Subjects
Twenty-two right-handed subjects (9 men and 13 women, ages 20-50 years) participated in the study. They were native French speakers and had no known hearing loss.
Procedure
Subjects were tested individually in a sound-attenuated room in a single session. For each continuum, the 11 selected VOT values were presented 10 times in a pseudorandom sequence with a standard identification paradigm, 5 times to the right and 5 times to the left ear. Response and RT data were collected using a push-button system with two labeled keys. Subjects positioned the index finger and thumb of the dominant hand on the upper and lower keys respectively. They were instructed to identify the stimuli as rapidly as possible by pressing one of the two keys. Each trial started 1300 ms after the end of the white noise from the previous trial.
Data Analysis
RTs were recorded from the beginning of the speech sound (prevoicing or explosion). The phonetic boundary (corresponding to the VOT value for which stimuli were identified as voiced or voiceless 50% of the time) was determined on the basis of the linear regression line through the points in the slope. The intracategorical variability corresponds to the average over all VOT values of the distance between the actual identification percentage and the ceiling value (i.e., 100% identification as voiced for VOT values at the left side of the phonetic boundary and 0% at the right side) (Klose, 1994) .
RESULTS
Identification functions for each ear for each continuum are shown in Fig.  2 . Each point represents the mean of the five responses averaged over all subjects. The solid circles and the open triangles show the percentages of voiced and voiceless responses to each of the 11 stimuli in the continuum. It can be seen that perception is categorical for both ears. Table 1 shows the mean VOT values of the phonetic boundary for the three continua. In no case is the phonetic boundary significantly different between the left and right ears. Table 2 shows the intracategorical variability for the three continua. Intracategorical variability was calculated for the identification function for each of the three continua and for the two ears. Although the variability appeared slightly higher on left-than on right-ear trials, statistical testing (Student's t test) showed no significant difference for this parameter between the two ears.
These results together show that for both ears of presentation, a stopconsonant can be accurately classified as voiced or voiceless. a Statistical testing (Student's t test) showed no significant difference between the two ears.
FIG. 3.
Mean reaction time of identification as a function of VOT duration for the right ear (solid circles) and left ear (open circles) and for the three continua. Note the difference in reaction time between the two ears for VOT values close to the phonetic boundaries as found in Fig. 1. significant difference between the left and right ear [for /ba/-/pa/:F(10, 13) ϭ 0.84; for /da/-/ta/: F(10, 3) ϭ 0.95; for /ga/-/ka/: F(10, 3) ϭ 0.22]. However, for VOT values close to the phonetic boundary, the time needed to identify a speech sound is significantly shorter for right-than for left-ear trials. RTs were shorter on right-ear trials at the VOT value of Ϫ10 ms (t ϭ Ϫ2.9, df ϭ 13; p Ͻ .01) for the /ba/-/pa/ continuum and at VOT values of Ϫ5 and 0 ms (respectively t ϭ Ϫ8.1, df ϭ 3; p Ͻ .003, and t ϭ Ϫ4.1, df ϭ 3; p Ͻ .02) for the /da/-/ta/ continuum. For the /ga/-/ka/ continuum, the time needed to identify a speech sound appared shorter for right-than for left-ear trials at VOT values of 10 and 15 ms, but the difference failed to reach statistical significance.
DISCUSSION
In the present study, we have investigated the degree to which the duration of acoustic cues contributes to the respective implication of the two hemispheres by recording the RT needed to identify monaurally presented speech sounds with varying VOT durations. Two main results were obtained. First, the identification RTs were shorter on right-ear than on left-ear trials only for VOT values near the phonetic boundary, and this difference was significant for the labial and dental continuum. Second, a stop-consonant can be accurately classified as voiced or voiceless irrespective of the ear of entry.
Previous studies have reported increases in identification RTs near the category boundary between two speech items (Pisoni & Tash, 1974; Repp, 1981) but these studies did not distinguish the ear of presentation. Pisoni and Tash (1974) concluded that RT is a positive function of uncertainty, increasing at the phonetic boundary where identification is least consistent and decreasing where identification is more consistent. Our data support this idea. But more importantly, they specify this phenomenon: the identification RTs increasing near the category boundary does only exist when stimuli are presented to the left ear.
Several recent studies suggest that it may be the specificity of acoustic cues rather than the linguistic nature of speech stimuli per se that underlies the left-hemisphere superiority for speech processing. Studies using dichotic listening procedures, for example, have suggested a more pronounced rightear advantage (REA) for right-handed subjects with speech stimuli characterized by rapidly changing formant transitions than with speech stimuli without such transitions (Studdert-Kennedy & Shankweiler, 1970; Dwyer Blumstein & Ryalls, 1982) . Other studies have shown that readily codable nonverbal stimuli containing changing frequency information also yield an REA (Papoun, Krashen, Terbeek, Remington, & Harshman, 1974; Halperin, Nachshon, & Carmon, 1973; Blechner, 1976) . Such evidence has led to the postulate that an enhanced capacity to analyze and encode successive temporal changes in the acoustic signal may underlie the left hemisphere's contribution to speech processing (Tallal & Piercy, 1973; Tallal & Newcombe, 1978) . Tallal and colleagues (Merzenich, Jenkins, Johnston, Schreider, Miller, & Tallal, 1996; Tallal, Miller, Bedi, Byma, Wang, Nagarajan, Schrenier, Jenkins, & Merzenich, 1996) have suggested that a deficit in the processing of the rate of change of acoustic cues (such as formant transitions), rather than a deficit in the linguistic nature of the stimuli, could explain some of the phonological deficits observed in language-learning disorders. Tallal, Miller, and Holly Fitch (1993) also put forward the hypothesis that lefthemispheric dominance in speech processing may arise out of a specialization in the processing and production of rapidly changing (sensorial and motor) events. This hypothesis is based, in part, on studies with language-impaired children who show difficulties in the processing of rapidly changing sensory information as well for the perception of nonverbal (Tallal & Piercy, 1973) and verbal sounds (Tallal & Piercy, 1974) and visual or tactile stimuli (Tallal, Stark, & Mellits, 1985) . With regard to the verbal stimuli, the same authors showed that the lengthening of the rapidly occurring formant transitions in consonants (from 40 to 80 ms) led to an enhancement in speech perception for a group of language-impaired children (Tallal & Newcombe, 1978) , suggesting that certain difficulties observed in language-learning disorders may be linked to a deficit in the processing of rapidly changing information. And since the results of many studies show the implication of the left hemisphere in the processing of formant transitions (Oscar Berman, Zurif, & Blumstein, 1975; Blumstein, Baker, & Goodglass, 1977; Miceli, Caltagirone, Gainotti, & Payer-Rigo, 1978; Schwartz & Tallal, 1980) , this processing of rapidly changing (acoustical) information seems to be localized in the left hemisphere.
Our present results, although obtained with another acoustic cue, are consistent with this hypothesis. We reported that the identification RTs increasing near the category boundary only exist when stimuli are presented to the left ear. This REA in the perception of stop consonants at VOT values near the phonetic boundary is significant for the labial and the dental continuum; these two continua are characterized by phonetic boundary VOT values inferior to 20 ms for every subject. This means that identification of stimuli requires processing temporally short frequencies to yield an REA. On the contrary, we did not find this for the velar continuum. However, one should note that the categorical perception of this latter continuum is characterized by a rather late phonetic boundary, which varies according to listeners (i.e., close to 20 ms after the release burst). This means that when the identification of two successive acoustical events does not require rapid information processing, we do not observe an REA. These two results support the hypothesis that, in right-handed subjects, the left hemisphere plays a primary role in the analysis of rapidly changing acoustical information.
In conclusion, we found that the increase in identification RTs for voiced and voiceless speech sounds near the category boundary exists when stimuli are presented to the left ear and not when presented to the right ear. This result is consistent with the hypothesis that the left-hemisphere speechprocessing mechanism may be particularly specialized for the processing of rapidly changing acoustic events.
